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To study the locahzatron of the nucleotrde bmdmg sites of coupling factor 1 (TF,) from the thermophihc 
bactenum PS3 we used the brfunchonal (cross-hnkmg) 3’-arylazrdo-S-alanyl-8-azrdo ATP (DINATP) for 
photoaffrmty labehng DrN,ATP IS hydrolyzed by TF, m the absence of ultraviolet light Irradiation (UV 
light) of TF, m the presence of DrN,ATP results m a nucleotrde-specnic reduction of ATPase activity and 
m a nucleotrde-specific formation of different cross-linked proteins (drmers, trrmers, ohgomers) formed by 
the major subunits a and/or p The results suggest that nucleotrde bmdmg sates (one, two, possibly all) are 
located at the interfaces between these subunits 
Bacterial F,A TPase Thermophzlzc bacterzum PS3 Photoaffinzty cross-hnkzng 
u/B interface 
Nucleotzde-bzndzng szte 
1. INTRODUCTION 
Photoaffimty labeling of different FlATPases 
by monovalent azido nucleotides resulted m 
diverse labeling with respect to the enzyme 
subunits [ 1- 121. It led to either a preferential abel- 
ing of the fi subunits, or to an almost equal label- 
ing of (Y and p, or to a preferential labeling of a. 
These discrepancies could be caused by different 
labeling conditions employed, different origins of 
the enzymes which contam different amounts of 
firmly bound nucleotides and Mg’+, or different 
structures of the photoaffimty labels applied. 
However, it is also possible that the nucleotide 
binding sites are located at the interfaces between 
the major subunits cy and/or fi. In this case 
Abbrevzatzons. TFr, coupling factor 1 (FrATPase) from 
the thermophrlic bacterium PS3, DrNsATP, 
3 ’ -arylazrdo+?-alanyl-8-azido ATP, 3 ’ -0- ( 3-[N-(4- 
azido - 2 - nitrophenyl)ammo]propronyl ) - 8- azrdoadenosine 
5 ’ -triphosphate; 8-NsATP, 8-azrdo ATP, 8-azrdo- 
adenosme 5 ’ -trrphosphate 
monovalent aztdo ATP analogs can label either the 
(Y or P subumt. The labeling depends on the exact 
orientation of the photosensitive nucleotide at the 
bmdmg site between the two subunits. To test this 
possibility we have synthesized the bifunctional 
DiN3ATP [13]. 
If the nucleotide binding site is localized at or 
near the Interface, the two nitrene groups formed 
upon irradiation of DiNsATP should partially 
react with amino acid residues of different 
subunits. The nitrene at position 8 of the adenme 
ring may react immediately at the adenine binding 
site, whereas the nitrene group produced from the 
3 ’ -arylaztdo group may react at locales more dis- 
tant from the adenine binding site. Photoaffimty 
labeling by DiNsATP should result in the 
nucleotide specific formation of cross-links of 
neighboring subunits (photoaffinity cross-linkmg), 
contaming the nucleotide binding site at their mter- 
face. Thus, photoaffinity cross-linkmg of 
FiATPase from Micrococcus luteus by DiN3ATP 
led to the formation of an LY-P cross-link [14]. 
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Upon irradiation of ohgomycm-sensitive 
ATPase from beef heart mitochondria in the 
presence of DINJATP a higher molecular mass 
cross-link (> 100 kDa) was also observed. This 
cross-lmk is supposedly analogous to the a-p cross- 
lmk from the bacterial enzyme [15]. 
Here we report on photoaffimty cross-linking of 
the coupling factor 1 from the thermophihc 
bacterium PS3 by irradiation in the presence of 
DiN3ATP. The reason why TFi was used is (1) it 
does not contam firmly bound nucleotides and 
Mg2+, (ii) tt is very stable against nonspecific 
chemical treatment and (iii) it is reconstitutable 
from its subunits after denaturation with SDS [ 161 
2. MATERIALS AND METHODS 
2.1. Preparation of RATPase from the thermo- 
phrkc bacterrum PS3 
TFi was prepared from plasma membranes of 
PS3 as described [ 12,161. The absence of bound 
nucleotides and Mg2+ in TFI used was confirmed. 
The enzymic activity was determined by con- 
tmuous measurement of the liberated P, [ 171. The 
protein concentration was measured according to 
[181. 
2.2. PhotoaffInity cross-knkmg 
DtNsATP was synthesized as described m [13] 
by esterification of N-4-azido-2-mtrophenyl-fl- 
alanine with 8-N3ATP. Photoaffimty cross-lmkmg 
was performed according to [19]. TFi (usually 
100 pg) was diluted in 200,ul Tris-HCl buffer 
(100 mM, pH 8.0). After addition of equal concen- 
trations of DtN3ATP and Mg2+ (0.5 mM) the 
samples were stirred and kept at 37°C during the 
irradiation (O-60 min). Upon irradiation the sam- 
ple was applied directly to SDS gel electrophorests 
on 7.5% gels [9] after 30 min incubation at 37°C 
in buffer containing 100 mM Tris-HCI, 1% SDS, 
1% 2-mercaptoethanol. 
2 3. Hydrolytic cleavage of the cross-link 
A labeled sample (lOO-2OOrg TFi) was sub- 
jected to SDS gel electrophoresis. After staining 
and destaining of the gel the slices containing 
cross-linked proteins were isolated and incubated 
m alkaline solution (0.5 M NaHC03, 1% SDS, 
0.1 M NaOH) at 37°C for 24 h. After centrifuga- 
276 
tion the supernatant was again subJected to SDS 
gel electrophoresis. 
3. RESULTS 
3.1. Specrflc mteractlon of DIN;IATP with TF, 
The most important precondition for a suc- 
cessful photoaffmity-labeling experiment is the 
specific interaction 01 the photosensitive substrate 
analog with the protein. This precondition IS 
fulfilled best if the analog 1s a substrate m the dark 
or at least a competitive mhibttor for the enzyme. 
DiN3ATP was hydrolyzed by TF1 m the presence 
of Mg2+ as shown m table 1. The rate of hydrolysis 
was very low compared with the hydrolysis of 
Mg’+ATP or Ca’+ATP. The specific bmdmg of 
DiN3ATP to TF1 was also demonstrated by 
substrate variations m the presence of DiNsATP 
(0 05 and 0.075 mM). DtN3ATP competitively in- 
hibited the hydrolysis of ATP as shown in fig.1. 
The hydrolysis of DiN3ATP is insignificant and 
has been neglected. Both results indicate a specific 
mteraction of DtN3ATP with the hydrolytic site of 
TFi and therefore its sunabihty as photoaffinity 
label. 
3 2. Light-mduced rnactrvatlon of TFI by 
DlN3A TP 
Irradiation of TFI in the presence of DiNsATP 
led to an inhibition of enzymtc activity (fig.2). This 
mactivation was not observed if TF1 was irradiated 
m the absence of the label (light control). Incuba- 
tion of TF1 with DtN3ATP m the dark only slightly 
influenced the enzymic activity (dark control). 
The addition of ADP or ATP to the sample 
(TF,, DtN3ATP, Mg’+) prior to irradiation pro- 
tected TF1 from inactivation, mdicatmg the 
nucleotide speciftctty of the labeling (fig.3). 
Table 1 
Hydrolysis of ATP and DiN3ATP catalyzed by TFI 
Nucleotlde Metal ion ATPase activity 
km01 P,/mm 
per mg protein) 
0 5 mM ATP 2.5 mM Ca*+ 47 7 
0 5 mM ATP 0 5 mM Mg*+ 25.5 
0 5 mM DlNsATP 2.5 mM Ca*+ 00 
0 5 mM DIN~ATP 0 5 mM Mg*+ 1 1 
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AMP, which does not interact in a specific man- 
ner with TFt (in contrast to ATP or ADP), did not 
influence the mhibrtion at alI. 
103 5 103 
‘4 
101 
Fig 1 The effect of DrNsATP on the hydrolyses of ATP 
Plots of l/v vs l/[Mg.ATP] of TFr m the absence of 
DtNsATP (0) and in the presence of Mg DIN~ATP 
[0.05 mM (0); 0.075 mM (A)]. The ATPase acttvity was 
determmed at 60°C m 5 ml test solutton contammg 2 ,ug 
TF,, 100 mM Trts-HCI (pH 8 0), dtfferent concentra- 
tions of MgeDrN3ATP ([Mg2’]/[DlN~ATP] = l/l) and 
Mg+ATP ([Mg*+]/[ATP] = l/l). 
I0 O O O O- ‘! l -=----. l a_ 
\ 
Frg.2. Light-induced inhibition of TFr Irradtatron m the 
presence of 0 5 mM Mg.DlNsATP (v), dark control m 
the presence of 0 5 mM Mg+DlNsATP (o), hght 
control m the absence of DtN3ATP (0). The enzymrc 
actrvrty was determmed at 60°C m 5 ml test solutton 
contammg 0 5 gg TFr, 100 mM Trrs-HCI (pH 8 0), 
5 mM Ca’+, and I mM ATP 
3.3. Photoafflmty cross-lmkmg of TFl subumts 
wrth DrNsATP 
Irradratron of TFI m the presence of DIN~ATP 
resulted in the formation of higher molecular mass 
cross-links (> 100 kDa) (frg.4, gel b, region 3). 
Besides the cross-lurks observed in the region of 
molecular masses of about 110 kDa, a small 
amount of even higher molecular mass cross-hnks 
coutd be seen, especially when a greater amount of 
cross-linked TFI was apphed to one SDS gel (fig.4, 
I 
0 0 20 30 L5 60 
f Imtnl 
Fig 3 The effect of added Mg nucleotrdes on the hght- 
induced mhrbttion of TFr by 0.5 mM Mg DrNjATP 
Addttrons 1 mM Mg AMP (A), 1 mM Mg .ADP (o), 
1 mM Mg ATP (0) The ATPase actrvtty was 
determined as descrrbed m ftg 2 
bands I+2 
region 3 
a b 
Ftg 4 Photoaffmtty cross-lmkmg of TFr SDS 
electrophorests gels of labeled (cross-linked) TFr (a) 
Nattve TFr (control), (b) TFr labeled by 0 5 mM 
Mg * DIN~ATP 
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Volume 186, number 2 FEBS LETTERS July 1985 
gel b, bands 1+2). All these cross-linked protein 
bands were not observed with unlabeled TFi (fig.4, 
gel a). The protein band above the cy and ,B bands 
1s a contammation detected m native TFr as well. 
The formation of all these cross-links was 
nucleottde specific and depended on the presence 
of Mg’+ (fig.5). The weak cross-link bands 1+2 
near the top of the SDS gel completely disappeared 
upon addition of ATP or ADP to the sample (en- 
zyme, Mg2+, label) prior to nradtation; formatton 
of the mam cross-links (region 3) was decreased 
remarkably (ftg.5, gels c + d). 
The addition of ATP protected TFi more effec- 
tively against cross-lmkmg than the addition of 
ADP. This agrees with the inactivation ex- 
periments shown before (ftg.3). 
In contrast to photoaffmtty-labeling of TFr with 
monovalent %NjATP, photoaffmny cross-hnkmg 
is partially Mg2+ dependent [12] The weak cross- 
links (bands 1 + 2) disappeared m the absence of 
Mg2+; the mam cross-lmks (region 3) were formed 
in a smaller amount (fig.5, gel a) 
Indlcattons for the subunit composition of the 
cross-links were obtained by then hydrolytic 
cleavage and subsequent SDS gel electrophoresis 
of the cleavage products. Fig.6 shows that the 
cross-linked proteins (band 2 and region 3) were 
split entirely mto protems comtgratmg with the cy 
and/or ,8 subunit. This indicates that all these 
cross-links are formed by the major subunits Due 
- bands I+2 
v - region 3 
w 
B 
+ Y 
6 
& 
a b c d e 
Fig 5 The influence of added effecters on the formation 
of cross-links SDS electrophoresls gels of TFI labeled 
by 0 5 mM DlNxATP m the presence of (a) 1 mM 
EDTA, (b) 0.5 mM Mg”, (c) 1 5 mM Mg2+ + 1 mM 
ATP, (d) 1 5 mM Mg2+ + 1 mM ADP; (e) 1 5 mM 
Mg2+ +lmMAMP 
a b c d 
a b c d 
Fig 6. Determination of the cross-hnk composltlon SDS 
electrophoresls gels. (a) natwe TF1 (control); (b) cross- 
linked protein (band 2) after hydrolytic cleavage, (c) 
cross-lmked protein (region 3) after hydrolytic cleavage, 
(d) separated cy and /3 subunits after mcubatlon m 
alkaline solutlon (identical to b and c) 
to the very poor yield of cross-link band 1 it was 
not possible to determine its composmon. 
4. DISCUSSION 
Our results demonstrate the smtabrhty of 
DrNsATP as a dtvalent photoaffmny label. It 
fulftlls the criteria for photoaffmity labels [20]. 
The low hydrolysis rate for DiN3ATP by TFr is 
analogous to the hydrolysis of DtN3ATP by 
FIATPase from M. luteus [14]. Its behavior is also 
similar to that of other 2’- and/or 3 ‘-substituted 
adenosme analogs [2 l-231. The high mactivatron 
of ATPase activity, compared with the low 
amount of cross-link formatton, can be explamed 
278 
Volume 186, number 2 FEBS LETTERS July 1985 
rn different ways [ 141. One plausible possibility is 
that most of the divalent DiNsATP reacts only 
once with the nucleotrde binding site of TFr upon 
irradiation The second nitrene reacts with water. 
Only a small part of DiNsATP is situated in a posi- 
tion suitable for cross-linking two subunits. 
Electron mrcroscopy [24] and cross-linking ex- 
periments with dtvalent group specific reagents 
[25] have demonstrated the spatial arrangement of 
FrATPases. An alternating sequence of 3 LY and 3 
p subunits arranged m two layers was proposed. A 
top view projection of this arrangement forms the 
typical hexagonal image of FrATPases observed m 
electron mrcroscopy experiments. Such a model 
possesses a-(~, (Y-P, and ,&fl interfaces. Recently we 
were able to demonstrate the localization of a 
nucleotrde binding site at the ct+ interface of 
FrATPase from A4. futeus [14] The results ob- 
tamed by photoaffinity cross-hnkmg of TFr in- 
dicate that there are nucleotrde binding sites be- 
tween the major subunits cy and/or ,8 This 1s 
shown by the formation of two-subunit cross-links 
(region 3) The small amount of even higher 
molecular mass cross-links suggests the presence of 
at least two nucleotrde bmdmg sites between 3 of 
the major subunits (band 2). 
The composrtrons cy3 or LY& for this cross-link 
are most probably based upon its hydrolytic 
cleavage The formatron of the very weak cross- 
lmk band 1 1s probably a first mdrcation that more 
than two nucleotrde bmdmg sites (possibly all) are 
located at interfaces between the major subunits. 
This has also been suggested for coupling factor 1 
from Escherzchra cob [26] and from chloroplasts 
[27]. The locahzatron of several nucleotrde bmdmg 
sites between a and/or ,B subunits IS consistent with 
different models for ATP synthesrs/hydrolysrs 
which require strong subunit-subunit interactions 
[26,28-301 The reason why trrmers or ohgomers 
were detected by cross-lmkmg TFr subunits with 
DiN3ATP may be the absence of tightly bound 
nucleotrdes m TFr, which usually occupy tight 
nucleotrde bmdmg sites of FrATPases [31]. 
ACKNOWLEDGEMENTS 
The authors thank M. Mrttelmann-Srcurella, 
Umversitat Mamz, for editing the manuscript and 
E.-M. Rrckwardt, Umversitat Mamz, for prepara- 
tion of the manuscript. This work was supported 
by Deutsche Forschungsgemeinschaft Grant 
Scha 344/l-2 to H.-J S. 
REFERENCES 
VI 
PI 
[31 
141 
151 
WI 
[71 
181 
[91 
HOI 
[Ill 
1121 
1131 
[I41 
v51 
1161 
iI71 
iI81 
[I91 
WI 
WI 
Gmllory, R.J (1979) Curr. Top. Btoenerg 9, 
267-414 
Vtgnats, P V , Dtanoux, A -C., Klein, G., 
Lauqum, G J M , Lunardt, J , Pougots, R. and 
Satre, M. (1982) m* Cell Function and 
Dtfferenttatton (Akoyunoglou, G. et al. eds) pt B, 
pp 439-447, Alan Lus, New York 
Lunardt, J., Lauqum, G J M. and Vrgnats, P V 
(1977) FEBS Lett. 80, 317-323 
Cosson, J J and Gutllory, R J. (1979) J Btol. 
Chem. 254, 2946-2955 
Wagenvoord, R J., Van der Kraan, I and Kemp, 
A (1977) Btochtm Btophys. Acta 460, 17-24 
Wagenvoord, R J , Van der Kraan, I and Kemp, 
A (1979) Btochtm. Btophys. Acta 548, 85-95 
Hollemanns, M , Runswtck, M J., Fearnly, I M 
and Walker, J E. (1983) J Btol. Chem 258, 
9307-93 13 
VerheiJen, J H , Postma, P W and Van Dam, K 
(1978) Btochtm. Btophys Acta 502, 345-353 
Scheurtch, P , Schafer, H.-J and Dose, K (1978) 
Eur J Blochem 88, 253-257 
Wagenvoord, R J , Verschoor, G J and Kemp, A 
(1981) Btochtm. Btophys Acta 634, 229-236. 
Czarneckt, J J., Abbott, M S and Selman, B R 
(1982) Proc Nat1 Acad SCI USA 79, 7744-7748 
Schafer, H -J , Scheurtch, P , Rathgeber, G , 
Dose, K and Kagawa, Y (1984) FEBS Lett 174, 
66-70 
Schafer, H -J , Scheurtch, P , Rathgeber, G , 
Dose, K , Mayer, A and Khngenberg, M. (1980) 
Btochem Btophys. Res Commun 95, 562-568 
Schafer, H -J and Dose, K (1984) J B1o1 Chem 
259, 15301-15306 
Schafer, H -J , Mamka, L , Rathgeber, G and 
Zlmmer, G. (1983) Btochem Brophys Res Com- 
mun 111, 732-739 
Kagawa, Y and Yoshlda, M (1979) Methods 
Enzymol 55, 781-787 
Arnold, A , Wolf, H U , Ackermann, B and 
Bader, H. (1976) Anal Btochem 71, 209-213 
Lowry, 0 H., Rosebrough, N.J , Farr, A L and 
Randall, R J. (1951) J B1o1 Chem 193, 265-275 
Schafer, H -J , Scheurtch, P , Rathgeber, G. and 
Dose, K (1980) Anal. Btochem 104, 106-111 
Knowles, J R (1972) Act Chem Res 5, 155-160. 
Grubmeyer, C and Penefsky, H S (1981) J Brol. 
Chem 256, 3718-3727 
279 
Volume 186, number 2 FEBS LETTERS July 1985 
[22] Grubmeyer, C and Penefsky, H S. (1981) J Blol. 
Chem 256, 3728-3734 
[23] Schafer, G , Onur, G and Schlegel, M. (1980) J 
Bloenerg Blomembranes 12, 2 13-233. 
f24] Tledge, H , Schafer, G and Mayer, F (1983) Eur 
J Blochem 132, 37-45 
[25] Bragg, P D and Hou, C (1980) Eur J Biochem 
106, 495-503 
1261 Semor, A E and Wise, J G (1983) J Membrane 
Blot 73, 105-124. 
1271 Kambouns, N G and Hammes, G G. (1985) Proc. 
Nat1 Acad SCI USA, m press 
[28] Boyer, P D , Kohlbrenner, W.E , McIntosh, D B , 
Smith, L.T and O’Neal, C C. (1982) Ann NY 
Acad SCI 402, 65-83 
1291 Kozlov, I A and Skulachev, V.P (1977) Biochim. 
Blophys Acta 463, 29-89 
[30] Wllhams, N. and Colman, P S. (1982) J Blol. 
Chem 257, 2834-2841 
[31] Kagawa, Y (1984) m: Bloenergetlcs (Ernster, L 
ed.) pp 149-186, Elsevler, Amsterdam, New York 
280 
